Introduction: Adult patients typically require high-quality orthodontic treatment for ceramic brackets, but some clinicians remain concerned about the bond strength of these brackets. Therefore, the aim of this study was to determine the shear bond strength and de-bonding characteristics of metallic and ceramic brackets bonded with two types of bonding agents.
Introduction
Phosphoric acid is the most widely used enamel surface conditioner (1, 2). Nowadays, phosphoric acid etching is known as a common and reliable method for bonding in orthodontics. Several studies have stated that clinical procedure simplification, significant decrease in chair time, and enamel loss along with maintaining the clinically Page 3585 acceptable bond strength are essential factors (2-6). To solve these problems, the combination of conditioning and priming agents into one acidic solution as self-etching primers (SEPs) have shown some advantages, including reduced enamel loss, prevention of saliva contamination, and less chair time. With the application of SEP, rinsing stage is also eliminated (7-11). Enamel acid-etching removes about 10 to 20 µm of the enamel surface, but SEP has lower etching ability compared with acid-etch and provides a higher pH level on tooth surface, which consequently reduces potential damages to the enamel (12) (13) (14) . These conditioners result in shorter resin tags based on scanning electron microscope (SEM) reports (15) . Lower bond strength of SEP in comparison with the conventional method can be advantageous in reducing enamel fractures during bracket removal, especially the ceramic brackets, as they do not bend during de-bonding procedure (9, (16) (17) (18) . However, bond strength of orthodontic brackets should be sufficient to withstand intraoral forces applied during the treatment period. According to Reynolds' investigation, the minimum acceptable shear bond strength in orthodontic clinic ranges from 5.9 to 7.8 MPa (19) . In the late 2000, the 3M Company introduced a new self-etching primer called Transbond Plus Self-Etching Primer (TPSEP) (14) . Based on the aforementioned evidence, the purpose of this study was to compare the shear bond strength (SBS) of metallic and ceramic brackets bonded with TPSEP and conventional etching. Deboning characteristics were analyzed by adhesive remnant index (ARI) scoring and also scanning electron microscopic (SEM) evaluation.
Material and Methods

The teeth, brackets, and bonding procedure
A total of 120 human maxillary premolars without any caries, restorations, and cracks on the buccal enamel surface were collected. Sample size was determined to have adequate power of (80%) and statistical significance at p < 0.05. The teeth were kept in chloramines 0.5% solution for one week and then in distilled water until the experiments were initiated. The teeth were cleaned and pumiced by using a rubber cup with fluoride-free paste for 10 seconds, thoroughly washed with water, and air-dried. The samples were randomly divided into four equal groups (n=30 for each group), and the brackets were bonded to buccal surfaces according to the following principles: 2.1.1. Group 1 (HM): 37% phosphoric acid gel (Sina Co, Iran) was placed on the enamel surface for 15 seconds, washed with water spray for 30 seconds, and dried to a chalky white appearance. The primer solution, Transbond XT (3M Unitek, Monrovia, Calif), was then applied on the etched surface, and then it was light-cured for 5 seconds. Transbond XT composite resin (3M Unitek, South Peck Road, Monrovia, California, USA) was placed on upper premolar metal brackets (Standard-022, Dentaurum, Germany); the bracket was bonded to the tooth surface perpendicular to the long axis of the buccal surface with approximately 250 g force using a manual force gauge (Tension and Compression Gauge, Dentaurum, Germany). In all groups, the brackets were light-cured by LED lightcuring unit (Valo, Ultradent, USA) at a light intensity of 1000 mW/cm2 for a total of 20 seconds, with the light beam directed for 10 seconds at each of the mesial and distal faces.
Group 2 (SM):
Transbond plus self-etching primer (TPSEP)(3MUnitek) was gently rubbed onto the enamel surface for about 5 seconds according to manufacturer instruction, and the tooth surface was gently dried by a moisture-free air blower. Then metal brackets (Standard-022, Dentaurum, Germany) were bonded to the teeth with Transbond XT composite resin as in group 1.
Group 3 (HC):
This group was prepared according to the method applied for Group 1, but using the upper premolar ceramic brackets (Standard-022, Dentaurum, Germany). Ceramic brackets were cured 20 seconds through the brackets.
Group 4 (SC):
This group was prepared similar to Group 2, using upper premolar ceramic brackets (Standard-022, Dentaurum, Germany). Ceramic brackets were cured 20 seconds through the brackets. After water storage at 37°C for 24 hours, the samples were thermocycled for 1000 cycles between 5 ± 2°C and 55 ± 2°C using a digital thermocycling machine (Nemo Industrial Group, Mashhad, Iran) according to TR 11450 standards (30 seconds of warm water bath, 20 seconds of interval, and 30 seconds of cold water bath) (12).
The de-bonding procedure
Cylindrical-shaped molds of plaster, 1.5 cm×1.5cm, were prepared, which were filled with diluted self-curing acrylic resin (Acropars Co, Iran). Specimens were positioned in acrylic resin, in a way that the brackets were perpendicular to the shear blade. To evaluate the shear bond strength, the specimens were placed in a jig attached to the base plate of a machine (Zwick/Roell, Z 005, Germany), and the force was applied to the bracket-tooth interface with a blade at a crosshead speed of 0.5 mm/minute until the bracket was detached. The maximum force applied for de-bonding the bracket from tooth surface was recorded in Newton, and the shear bond strength was determined by dividing the force by bracket surface area (9.93 mm2 and 6.79 mm2 as the surface area of metallic and ceramic brackets, respectively) (9).
Assessment of adhesive remnant (AR)
Once the brackets had been de-bonded, the enamel surface of each tooth was under stereomicroscope (Olympus, SZx 9) with a magnification of 10x to determine the amount of residual adhesive on each tooth. The following scale was used to record ARI (adhesive remnant index) scores: 0, 1, 2, and 3 shows that no adhesive left on the tooth surface, less than half of the adhesive left on the tooth surface, more than half of the adhesive are on the tooth, all adhesive left on the tooth, respectively, with a distinct impression of the bracket mesh (20) .
Assessment of the enamel detachment
For further investigation, the surface of all the brackets also was examined under a scanning electron microscope (SEM) (Philips, Netherlands, Model XL30), and an analysis system was installed on the device for qualitative measurement of enamel detachment and failure location. EDX analysis determined enamel detachment and site of bonding failure following de-bonding to a depth of 1.5 µm in the bracket surface through measuring iron for metallic brackets, aluminum for ceramic brackets, silicon for adhesive resin, and phosphorus and calcium for the enamel (20) . The enamel detachment index (EDI) was used to quantify detached enamel existing on the bracket bases after de-bonding: it consists of no enamel detachment(zero); less than 10% of enamel detachment (one); more than 10% but less than 30% of enamel detachment(two). The average depth of X-ray infiltration was 1.5 m.
Statistical analysis
The descriptive statistics, including the means and standard deviations, were calculated for SBS values. Statistical analysis was performed using the SPSS statistic 16.0 software (SPSS Inc. Chicago, Illinois, USA). One-way analysis of variance (ANOVA) was applied to determine any significant differences for SBS values among groups. The level of significance was predetermined at the 95% confidence level (p < 0.05).
Results
The shear bond strength
The mean shearing bond strengths and standard deviation in groups HM, SM, HC, and SC were 12.59 ± 2.61 MPa, 11.15 ± 3.48 MPa, 7.70 ± 1.71 MPa, and 7.41 ± 2.09 MPa, respectively. There was a significant difference in the mean shearing bond strengths between the four experimental groups (p<0.0005, f=3, 9) according to obtained results from one-way ANOVA analysis (Table 1) . A post-hoc Tukey test did not confirm any statistically significant difference on the mean shearing bond strengths between groups HM and SM (p = 0.063) as well as between groups HC and SC (p = 0.91). However, significant differences between HM and HC (p = 0.04), and also between SM and SC groups (p = 0.035) was observed.
ARI scoring
The ARI scores for adhesive remaining after de-bonding are shown in Table 2 . Non-parametric analysis of KruskalWallis showed no significant differences between groups (p = 0.65). Score 0 in 5 samples, score 1 in 43 samples, score 2 in 46 samples, and score 3 in 24 samples were observed. Enamel fractures (EFs) were found in group HM.
Enamel detachment and failure location
As shown in Table 3 , SEM examination showed that no enamel detachment was found in 39 specimens and that most of them were located in the HC group. In addition, less than 10% of enamel detachment was found in 39 specimens; most of them were located in HM group. Moreover, greater than 10% of enamel detachment were found in two specimens located in HM and SM groups.
Location of bonding failure
De-bonding was observed in all groups mostly inside the adhesive itself and bracket-adhesive interface. Furthermore, as shown in Table 4 a part of the adhesive remained on the bracket and another part remained on the tooth surface during de-bonding procedure. There was no case of bracket failure. 2.09 *HM: Hydrophosphoric acid and metal bracket; **SM: Self-etch primer and metal bracket; ***HC: Hydrophosphoric acid and ceramic bracket; ****SC: Self-etch primer and ceramic bracket Group Scores* EF (%) n 0 1 2 3 HM 0 9 13 6 2 30 SM 2 13 10 5 0 30 HC 0 10 11 9 0 30 SC 3 11 12 4 0 30 *Score 0: no adhesive on the tooth; *Score 1: less than half of the adhesive left on the tooth; *Score 2: more than half of the adhesive left on the tooth; *Score 3: all adhesive left on the tooth, with a distinct impression of the bracket mesh. 10 10 0 *0: no enamel detachment; *1: less than 10% of enamel detachment; *2: less than 30%, greater than 10 % of enamel detachment. 
Discussion
Adult patients seek for premium orthodontic with ceramic brackets, but here we are still concerned about their bond strength. Therefore, traditional techniques because of lacking tooth-conserving and time-saving advantages are substituting with new procedures. Nowadays, the use of 37% phosphoric acid and Transbond XT might be known as the most common protocol for orthodontists in their experimental studies (22) . Because of production of a gentler etch pattern, SEP is known as a popular choice, and it is used for enamel conditioning among orthodontists. The current study was conducted to determine the shearing bond strength of metallic and ceramic brackets with conventional bonding technique versus self-etching primer technique. Obtained results demonstrated that mean shearing bond strengths of A, B, C, and D groups were 12.59, 11.15, 9.70, and 8.40 MPa, respectively. As suggested by other authors, the values in all the cases were higher than the minimum values and lower than maximum values (23). Our results showed that bonding of metallic and ceramic brackets with the conventional and self-etching primer techniques did not show a statistically significant difference in mean shearing bond strength (p = 0.071 for metallic brackets and p = 0.35 for ceramic brackets). Similar to our study, several investigations have reported that, by means of conventional method, the shearing bond strength is higher in comparison with using a self-etching primer method. However, there were no statistically significant differences between the shearing bond strength of conventional method and self-etching primer technique (24) (25) (26) (27) . Furthermore, several lines of evidence demonstrated that, by using conventional methods, the produced bond strength is remarkably greater compared with using a self-etching primer technique (17, 18, and 28) . In contrast, the Bishara and Buyukyilmaz studies have indicated that the bond strength of the conventional method is less than the self-etching primer method (29, 30) . These observed differences in the aforementioned investigations can be due to type of samples, study design, surface preparation, adhesives types, de-bonding techniques, time lapse, and teeth maintenance conditions. In a study, Uysal et al. indicated that bonding of ceramic brackets with 37% phosphoric acid produced a significantly higher shear bond strength in comparison with that of other groups. Also, the authors observed no significant difference between the other groups (3). Different working procedures and lack of thermocycling in the Uysal study may be the reason behind such a difference. Similar to the present research, the shear bond strength was higher in acid-etch than self-etch. Moreover, Mirzakouchaki et al. indicated no significant difference in the bond strength of metallic brackets prepared with the two methods nonetheless, it was significantly higher in metallic brackets compared with the ceramic ones (31) . De-bonding was performed a week later, and the number of cycles during thermocycling was more in that study compared with the present research. In a study by Cacciafesta and Iijima, evaluating the conventional acid-etch and Transbond Plus self-etch primer in dry and contaminated environments, no significant difference was observed in the shear bond strength of metallic brackets between the two groups in a dry environment, which was consistent with the present study (32, 33) . However, in a similar investigation by Zeppieri et al., the SBS of acid-etching method was reported to be considerably higher than that of Transbond Plus self-etching primer under dry conditions (34) . In a study by Grubisa et al., comparing the shear bond strength between the three groups of A: TP self-etching primer plus Transbond XT composite resin, B: 35% phosphoric acid plus Transbond XT composite resin, and C: 37% phosphoric acid plus Enlight bonding composite resin, no significant difference was found between groups A and C; nevertheless, the shear bond strength of group B was significantly higher than that of the other groups (14) . In another investigation by Basaran et al., the shear bond strength of 38% phosphoric acid was reported to be notably higher than that of Transbond Plus self-etch primer (11). Thermocycling was not performed and working approach was different from the present research.
The SBS of 37% phosphoric acid and TP was compared by Elekdag et al. under different thermal cycles, and it was not different between two methods in the absence and/or after 5000 cycles of thermocycling; however, it was remarkably higher for acid etching following 2000 cycles of thermocycling. It can be perhaps argued that a greater number of thermocycling cycles reduces the amount of SBS through water penetration, weakening of the polymeric network compounds, and hydrolysis of the interfacial components; this condition places a greater impact on TP, possibly due to more conservative and less deep etching pattern in the (10) . Both bovine incisors and procedures used in the aforementioned study differ from the present study. Comparing the metallic brackets with ceramic brackets, the former provides significantly a greater shear bond strength. These finding consist with the results of a study compared the metallic brackets (13.2 MPa) and ceramic brackets (8.8 MPa) with mechanical retention (25) . In our study, although different bonding agents were used, bond strengths were similar in two bracket types. The results are not in accordance with the results of other investigations comparing metallic brackets and ceramic brackets with mechanical retention (29, 35) . These differences in the results could be due to differences in device use, adhesives and bonding agents, force application methods, the duration of force, the type of the brackets, and the thermocycling procedure. In the present study, score 1 and score 2 were considered. There was no significant difference for ARI between groups. There was no significant difference in ARI scores between conventional etching and TP self-etching primer in several studies that is consistent with our findings (25) (26) (27) 36) . It was stated that in the conventional technique, adhesive on tooth surface is more than that in the self-etching primer. In a similar way, another study was suggested that, compared with ARI and the self-etching primer technique, there is an ARI higher in the conventional technique (27) . Composite resin remaining on dental enamel after de-bonding necessitates cleaning the surface, which may be accompanied by superficial removal of the enamel. On the other hand, very high bond strength can cause enamel cracks or fractures during de-bonding; therefore, cleaning the residual resin from the tooth surface is probably less risky than the damages the de-bonding procedure can lead to. What is desirable in orthodontics is separating the brackets from the tooth without damaging the enamel at the end of the treatment. EFs have been found when the adhesion force exceeds 14 MPa (37) (38) (39) . The frequency of EFs goes up with increased bond strength. Our findings agree with those reports, since two EFs were observed in group HM. Nonetheless, in vitro de-bonding increases the frequency of EFs, and orthodontists can avoid this side effect with gentler clinical debonding (15, 40) . In addition, in vivo bond strength has been shown to be significantly lower than the in vitro one, suggesting that the frequency of EFs might be lower under clinical conditions (41) . According to EDI analysis, enamel detachment was deep only in 3 samples (score 2). Detachment after de-bonding in other samples was zero or less than 10%. There was no statistically significant difference among study groups. Evaluating the two types of metallic brackets bonded with No-Mix bonding systems, Sorel et al. found no significant difference in enamel detachment rate between the two brackets, and less than 10% of detachment was reported only in a small part of the bracket surface in both groups (8) . Enamel detachment rate in the current study was lower than that in Sorel et al.'s research. The differences observed might be attributed to different methods of sample preparation in the two studies. However, there was consistency between the data obtained by EDI and the ARI scoring scale in both, as we did not see statistically significant difference between study groups, too. Enamel detachment by score 2 in the HM group can be related to enamel fracture registered by ARI because of more shear bond strength in this group.
In terms of comparison between ARI and EDX, the most important point is that EDX analysis is microscopic, while the ARI scale is macroscopic; the failure process is complicated and at different levels and regarding the different Page 3589 influential factors such as thickness of the adhesive materials, which is not considered in ARI but is of high importance in the microscopic view; thus, the two analyses cannot be compared among all the groups and conditions. Although there was no statistically meaningful relationship between the type of bonding failure between different groups, most bonding failures were seen in the bracket-composite interface and in the adhesive itself (p = 0.66). Romano et al. reported findings similar to these results. (18) . In addition, Perdigao et al. demonstrated more bonding failures in the self-etching primer technique in the adhesive. The authors suggested that this bonding failure might be due to the shallow etching in the technique (42) . The result of another study demonstrated that most failures occurred in the dry environment, in the bracket-composite junction, or internal part of the adhesive interface. Besides, in the traditional method, the enamel-adhesive interface was shown the most fail section. Thus, bonding-related failure depends on saliva contamination or no-salvia contamination. Given the remaining composite resin on both surfaces of the teeth and the brackets in self-etching and acid-etching methods, Uysal et al. reported that the majority of failures occurred within the composite resin (3). Several factors such as type of bracket, contamination or lack of contamination with saliva, and composite type can be involved in determination of bonding failure location. Although this study took some advantages, there were several limitations, including sample size and lack of facilities in our research center. However, more studies are required to compare shear bond strength of ceramic and metallic orthodontic brackets. Comparing results for pediatric and adult patients with different bonding techniques also should be suggested for future studies.
Conclusions
Obtained results demonstrated that metallic brackets had significantly higher bond strengths compared with ceramic brackets. The self-etching primer method in comparison with the conventional method was able to create weaker bond strengths. However, this difference was not statistically significant, but it can be acceptable in clinics. According to ARI scores, it appears no concerns about enamel damage in the course of de-bonding with the two types of brackets and two bonding types used. Many samples indicated that bracket-adhesive interference failure or failure inside the adhesive itself could probably show a reduced chance of enamel damage.
